Cellulose is the most abundant biopolymer on Earth. Optimising energy recovery from this renewable but recalcitrant material is a key issue. The metaproteome expressed by thermophilic communities during cellulose anaerobic digestion was investigated in microcosms. By multiplying the analytical replicates (65 protein fractions analysed by MS/MS) and relying solely on public protein databases, more than 500 non-redundant protein functions were identified. The taxonomic community structure as inferred from the metaproteomic data set was in good overall agreement with 16S rRNA gene tag pyrosequencing and fluorescent in situ hybridisation analyses. Numerous functions related to cellulose and hemicellulose hydrolysis and fermentation catalysed by bacteria related to Caldicellulosiruptor spp. and Clostridium thermocellum were retrieved, indicating their key role in the cellulose-degradation process and also suggesting their complementary action. Despite the abundance of acetate as a major fermentation product, key methanogenesis enzymes from the acetoclastic pathway were not detected. In contrast, enzymes from the hydrogenotrophic pathway affiliated to Methanothermobacter were almost exclusively identified for methanogenesis, suggesting a syntrophic acetate oxidation process coupled to hydrogenotrophic methanogenesis. Isotopic analyses confirmed the high dominance of the hydrogenotrophic methanogenesis. Very surprising was the identification of an abundant proteolytic activity from Coprothermobacter proteolyticus strains, probably acting as scavenger and/or predator performing proteolysis and fermentation. Metaproteomics thus appeared as an efficient tool to unravel and characterise metabolic networks as well as ecological interactions during methanisation bioprocesses. More generally, metaproteomics provides direct functional insights at a limited cost, and its attractiveness should increase in the future as sequence databases are growing exponentially.
Introduction
Lignocellulosic materials including paper, textile, wood, yard trimmings and crop straws are dominant in municipal solid waste (MSW), agricultural waste and energy crops. Lignocellulose is the most abundant biochemical renewable energy source on Earth, because the bioenergy it contains can be recovered by cost-effective and robust anaerobic digestion technologies that are now widely applied. These processes involve sophisticated self-assembled and largely uncultured microbial communities comprising tens to hundreds of operational taxonomy units (Chouari et al., 2005; Krause et al., 2008; Krö ber et al., 2009; Riviere et al., 2009) . However, various biotechnological barriers still hinder a fully optimised process operation. Major issues include the polysaccharide hydrolysis efficiency, the methanogenesis stability and the sensitivity to inhibitions and disturbances (Chen et al., 2008; Ward et al., 2008; Ganidi et al., 2009; Holm-Nielsen et al., 2009) . To better pilot anaerobic bioprocesses, additional functional insight into the catalysis of complex organic substrate digestion by the anaerobic microbial communities is required.
Significant progress has been achieved over the last few years. Fluorescent in situ hybridisation (FISH) approaches contributed to the identification of cellulolytic bacteria in various anaerobic environments (O'Sullivan et al., 2007) . Isotopic labelled substrates were exploited to identify the functional microbial groups catalysing the methanisation of cellulose using stable isotope probing (Li et al., 2009) . Several metagenomic studies shed light on the identity of the functional groups and provided an extended catalogue of the catalytic potential (Krause et al., 2008; Schlü ter et al., 2008; Jaenicke et al., 2011; Rademacher et al., 2012) . However, these approaches do not generate direct information on the expressed genes and associated metabolic processes. Recently, metatranscriptome sequencing provided insight into the metabolically active communities of a mesophilic biogas plant . Two metaproteomic approaches were implemented on similar anaerobic systems, and the feasibility of such approaches was proved (Abram et al., 2011; Hanreich et al., 2012) , and more specifically on the complex matrix of anaerobic lignocellulose-degrading communities (Hanreich et al., 2012) . Both based on a two-dimensional gel separation, they enabled the identification of a few dozen functions in the case of psychrophilic anaerobic digestion of glucose-fed wastewater (Abram et al., 2011) and of a dozen functions for methanisation of agricultural biomass in thermophilic conditions (Hanreich et al., 2012) .
As thermophilic methanisation is currently emerging as a promising process (van Lier et al., 2001) , we investigated the metaproteome obtained from a microcosm containing office paper and inoculated with stabilised digestate from a thermophilic MSW anaerobic digester, with the objective of achieving a comprehensive view. To increase the identification depth, a combination of various separation techniques was employed, and a high number of protein fractions were analysed. The possibility of obtaining valuable information based solely on public protein databases was questioned. For this, identification results using the UniprotKB database were compared with analyses of the microcosm generated independently by a polyphasic approach (16S rRNA gene pyrosequencing, FISH, stable isotopic fractioning signatures of methanogenesis processes). Encouragingly, more than 500 non-redundant protein functions were identified, and the complementary approaches were in overall good agreement.
After presenting an overview of the metaproteomic data set and assessing its validity, functional insights are presented with a focus on each methanisation step (hydrolysis, fermentation, acetogenesis and methanogenesis) and on unexpectedly high proteolytic activities.
Materials and methods

Anaerobic incubations
Sludge was sampled from a 21-m 3 thermophilic anaerobic industrial pilot digester located in France, fed with the organic fraction of MSW. The sample was sieved, stabilised at 55 1C, centrifuged at 13 100 g at 4 1C, aliquoted and stored at À 80 1C to serve as inoculum. In each of five 1-l bottle (replicates A-E), 5 g unprinted office paper, 10 g inoculum (wet mass) and 500 g Biochemical Methane Potential buffer (EN-ISO-11734, 1998) were added (see also Supplementary Materials Section S0). Three similar microcosms without paper were set up as control. The bottles were rubber-sealed, the headspace was purged with N 2 and all microcosms were incubated in anaerobic and thermophilic conditions (55 ± 0.5 1C).
Chemical analyses
The degradation dynamics was assessed by measuring the biogas production and composition, pH, concentrations of total organic carbon, total inorganic carbon and volatile fatty acids in the liquid phase. The biogas isotopic composition was analysed by determining d13CH 4 and d13CO 2 values and calculating the apparent fractionation factor a C (Qu et al., 2009) . Biogas production and composition were assessed as described in Qu et al. (2009) . The detected gas included CO 2 , CH 4 , H 2 S, N 2 , H 2 and O 2 . The liquid samples were recovered with a syringe and needle through the rubber septum. They were centrifuged briefly at maximum speed in a bench centrifuge to separate the liquid phase from the cell-containing pellet. The pH was measured on the liquid phase just after sampling. The supernatants and pellets were stored separately at À 80 1C for further chemical and biological analyses.
Protein preparation and mass spectrometry analyses Proteins were extracted and purified from 50 ml samples of the paper anaerobic incubation (replicate A, day 60) using a protocol from Wilmes and Bond (2004) , modified to handle samples from a MSW digester containing much debris. Briefly, cells were disrupted by bead-beating in the lysis buffer, and the proteins were purified from the obtained supernatant by trichloroacetic acid-acetone precipitation. Protein concentrations were assessed using the 2-D Quant Kit (GE Healthcare, Aulnay sous Bois, France) and the High Sensitivity Protein 250 Kit (Agilent, Les Ulis, France). The purified proteins were further processed for subsequent MS/MS analyses according to three different strategies detailed below. For every strategy, fixation of each fraction in SDS-PAGE gel (NuPAGE Novex 4-12% Bis-Tris Gel 1.0 mm; Invitrogen, Saint Aubin, France) was the last step, with or without prior separation. Strategy 1 was the separation according to the molecular weight, resulting in 26 fractions: a protein aliquot was migrated by SDS-PAGE and the gel lane was cut into 26 sections. Strategy 2, performed in three technical replicates, was the separation into 12 fractions according to the pI, resulting in a total of 36 fractions: for each protein aliquot, 12 liquid fractions were generated by off-gel isoelectric focusing (OFFGEL-IEF, Agilent 3100 OFFGEL Fractionator, low-resolution kit, pH 3-10, 12 cm Immobilised pH Gradient strip), and each obtained fraction was fixed into SDS-PAGE gel by a very short-duration migration and gel excision. Strategy 3, performed in three technical replicates, was the absence of separation and generated 3 fractions: the protein aliquot was simply fixed in an SDS-PAGE gel fragment by a very short-duration migration followed by gel excision. As a result, a total of 65 fractions (26 þ 36 þ 3) fixed in SDS-PAGE gel fragments were separately submitted to in-gel tryptic digestion followed by shotgun analyses by nanoLC-MS/MS (LTQ-Orbitrap, Thermo Fisher, Waltham, MA, USA; PAPPSO proteomic platform, INRA, Jouy-en-Josas). The detailed procedures are supplied in the Supplementary Section S1.
Peptide identification and data processing
The mass spectrometry data set produced for each fraction was analysed for peptide and protein identification using X!Tandem software (http:// www.thegpm.org/tandem/) and the UniProtKB database with nearly 20 million entries (version January 2012, http://uniprot.org). The 65 X!Tandem result sets were imported into the software Scaffold 2.0 (Proteome Software, Inc., Portland, OR, USA) to combine, compare and validate identified proteins based on peptide and protein probability. The filtering thresholds were the protein probability 495%, at least two unique peptides per protein, and the peptide probability of at least one unique peptide 490%. The potential contaminant proteins, such as keratin and trypsin, were excluded from the analysis.
The obtained identified redundant proteins were grouped according to two different methods: first, non-redundant protein groups were obtained in Scaffold 2.0 based on the presence of shared identified peptides; second, and independently, another grouping was performed based on belonging to shared UniRef clusters with various identity thresholds (for example, 50%, 90% and 100%). The latter methods provided a simple and convenient insight into the taxonomic specificity of the identified redundant proteins. For instance, the case where an identified protein belonged to a UniRef50 cluster containing solely this protein was a strong indication that the taxonomic assignment and the inferred function were very specific because no other closely related protein sequence was present in the database. The possible presence of a signal peptide within protein sequences was analysed with SignalP (Petersen et al., 2011) . The detailed procedures are supplied in the Supplementary Materials (Supplementary Section S1).
DNA analyses
DNA was extracted using the PowerSoil DNA Isolation Kit (MO BIO Laboratories, Inc., Carlsbad, CA, USA) according to the manufacturer's instructions. A series of 16S rRNA-based techniques were conducted to describe the microbial community, including automated ribosomal intergenic spacer analyses (ARISA, Supplementary Figure S12 ), 16S rRNA gene pyrosequencing and FISH. Pyrosequences were obtained for the raw digestate directly sampled from the industrial facility, the inoculum (sieved and stabilised digestate, see section Anaerobic incubations), the replicate A (day 0 and 60) and the replicate B (day 60 and 73). They were deposited in the National Center for Biotechnology Information Short Read Archive as BioProject PRJNA182049. More detailed procedures are supplied in the Supplementary Section S2.
Results and Discussion
Office paper degradation dynamics and general overview of the metaproteome data set Office paper was selected as a model cellulosic substance, because it is a major component in MSW and has a relatively fixed composition of 70% cellulose and 30% hemicellulose. Batch anaerobic incubations of office paper were conducted at 55 1C in five replicated microcosms labelled from A to E. At day 60, the replicate A was used for metaproteomic analyses, whereas replicates B-E were further incubated until day 120 (Supplementary Materials Section S0). The replicates exhibited a good level of reproducibility, and classical degradation trends were observed (Supplementary Figure S2) . The rapid onset of a hydrolytic and acidogenic activity led to the accumulation of volatile fatty acid, reaching a concentration of 360 mg carbon per liter at day 18 and mainly corresponding to acetate. This induced a pH decrease from 7.5 to 5.8. After a phase of slow methane production, the methanogenic activity increased gradually from day 20 onwards until it reached a plateau around day 60. At this stage, 62% of the carbon initially introduced as paper had been degraded, and volatile fatty acid concentrations in the liquid phase were low and mainly corresponded to acetate, propionate and lactate.
All metaproteomic analyses were performed on samples from replicate A, day 60: 65 protein sample fractions were prepared by three different separation strategies and analysed by MS/MS (Materials and methods) to favour a sufficient analysis depth ( Figure 1a) . Strategy 2 based on OFFGEL-IEF generated the highest number of identified non-redundant protein groups (266, 358 and 360 for each technical replicate, respectively), followed by strategy 1 based on SDS-PAGE (212 protein groups) and by strategy 3 (no separation, 54, 90 and 120 protein groups for each technical replicate, respectively) (Supplementary Table S4 , Supplementary Figure S5 ). Both the separation step and the amount of starting protein material appeared as important factors to favour identification (Supplementary Table S3 ). All the data sets were then combined and analysed together. A significant number of proteins were identified using the UniprotKB database (full content). Among the 7 17 065 spectra obtained, 40 818 (E6%) were assigned to peptides by X!Tandem search. As a reference, 25% of the spectra are typically assigned when studying 10 mg proteins from a pure culture of Lactococcus lactis (Beganovic et al., 2010) . After filtering with Scaffold software, 13 090 peptides corresponding to 2541 potentially redundant proteins were retained. The latter corresponded to 514 non-redundant protein groups and also to 497 distinct UniRef50 clusters (Materials and method). Except for a few protein groups that were highly redundant (for example actin, pyridoxine, RNA polymerase sigma factor and some oxidoreductases), the redundancy was overall limited and distributed throughout the various protein groups.
According to the classification into the 25 Clusters of Orthologous Groups (Figure 1b) [H] were assigned to archaea.
The taxonomic distribution of the identified proteins based on the non-redundant protein groups ( Figure 1c , Supplementary Table S17) suggested the presence of a few dominant groups, possibly linked to the thermophilic conditions and the presence of Bold number: number of non-redundant protein groups. Number in parenthesis: number of non-redundant protein groups belonging to UniRef50 clusters specific for the considered taxonomic or functional group (C. proteolyticus species, C. thermocellum species, Caldicellulosiruptor genus, Methanothermobacter genus and other methanogens, respectively) (see Materials and methods for more details about UniRef50). *Putative uncharacterised protein A4XIB5_CALS8 from Caldicellulosiruptor, and/or A7I471_METB6 from Methanogens **RNA polymerase sigma factor A4XHW4_CALS8 from Caldicellulosiruptor and/or A3DDV0_CLOTH from C. thermocellum ***Phenylacetate-CoA ligase A3DD21_CLOTH from C. thermocellum and/or A6VIF0_METM7 from Methanogens. one major substrate for growth (office paper). The retrieved taxa were consistent with the anaerobic thermophilic conditions. Caldicellulosiruptor species (E41%), Coprothermobacter proteolyticus (E20%) and Clostridium thermocellum strains (E16%) were the most represented, suggesting the dominance of members of the order Thermoanaerobacterales followed by Clostridiales. Methanothermobacter thermoautotrophicus was the dominant archaea (E5%).
Validity and representativeness of the identified proteins Polyphasic experiments and in silico approaches were implemented to evaluate the validity of the metaproteomic data before developing more detailed biological interpretation. This approach suggested that invaluable functional insight could be gained for most of the dominant microbial groups.
The accuracy of the taxonomic distribution resulting from the metaproteomic data set was evaluated by 16S rRNA gene tag pyrosequencing ( Figure S12 ), and they thus developed in the course of the incubation, which further supports their active role during the office paper digestion. FISH analyses, reflecting the abundance of rRNAs in the specifically targeted cells, were performed for the replicate A at day 60. They provided additional elements of proof for the activity and abundance of the three above-mentioned bacterial genera (Supplementary Figure S11) . The genera Gelria (Firmicutes phylum) and Tta-b61 (Firmicutes phylum) were poorly represented in the metaproteomic data set, although they appeared to be of significant importance based on the pyrosequencing results (Figure 2b , operational taxonomic units 489 and 356-383, respectively). These observations were probably mainly linked to the absence of closely related sequenced genomes in the database (Table 1 ). In addition, in contrast to the metaproteomic analyses, a low proportion of sequences were attributed to C. thermocellum and other Ruminococcaceae cellulolytic strains including Clostridium cellulosi (Figure 2b, A60) . One possible reason could be that the classification of Firmicutes is very complex and that the taxonomic assignment results obtained on partial 16S rDNA sequences must be interpreted cautiously (average read lengths B300-400 bp). PCR bias on the sample from microcosm A, day 60, could also be an explanation for this discrepancy because Figure 2 Taxonomic distributions obtained by 16S rRNA gene pyrosequencing: (a) with the archaeal primer set and (b) with the bacterial primer set. Dig: collected raw thermophilic digestion sludge; Inoc: thermophilic inoculum (sieved and stabilised digestion sludge); A0, A60, B60 and B73: microcosm and incubation day; * sample also analysed by metaproteomics (A60). For the most abundant groups, the arbitrary operational taxonomic unit (OTU) number is indicated. The cladogram is based on genus frequencies for archaea (a) and on OTU frequencies for bacteria (b) . See Supplementary Section S2 and Supplementary Table S1 for more details about the procedures. Rarefaction curves are shown in Supplementary Figure S13. abundant related strains were observed in the sample by FISH with probe UCL284 (Supplementary Table S1 , Supplementary Figure S11 ).
The identification of peptides and proteins using the full UniprotKB database was highly specific. As pointed out in a study by Denef et al., 2007 , similar procedures enable cross-strain identification and avoid most cross-species false-positive hits. Indeed in the present case, the overlap between the dominant microbial groups after protein identification was limited to three non-redundant protein groups (Figure 1c ). In addition, 24% of the 427 UniRef50 clusters affiliated to the dominant microbial groups were specific for the concerned group, respectively, Caldicellulosiruptor species, C. proteolyticus, C. thermocellum and methanogenic archaea of various orders (Figure 1c, Supplementary Figure  S10 ). All this confirmed the specificity of the identification procedure, and thus strengthens the validity of the identified functions.
In conclusion, the presence in the database of proteomes from fully sequenced genomes closely related to the sample's strains together with the specificity of the identification procedure suggested that interesting functional insights could be gained for most abundant groups (C. proteolyticus, C. thermocellum-related strains, Caldicellulosiruptor species, Methanothermobacter species). More limited information was expected for Gelria and Tta-b61 groups, which could have been significantly present in the sample.
Ruminococcaceae strains and Caldicellulosiruptor species are complementary key actors for polysaccharide hydrolysis Consistent with paper being the main substrate for the incubations, a large number of proteins potentially involved in cellulose and hemicellulose binding and hydrolysis or in oligosaccharide metabolism were identified (Table 2) . Ruminococcaceae strains including C. thermocellum, and Caldicellulosiruptor members, appeared as key actors for paper hydrolysis. Moreover, the details of the identified functions suggested a synergetic action of both actors. The former could have been hydrolysing the cellulosic part of the substrate, including the crystalline part, whereas the latter could have been specifically involved in hemicellulose hydrolysis in addition to cellulose hydrolysis.
More specifically, 11 non-redundant protein groups related to polysaccharide hydrolysis were attributed to C. thermocellum. This widely studied thermophilic cellulolytic species is known for efficiently hydrolysing the cellulose, including in its crystalline shape (reviewed in Maki et al., 2009) . Its cellulosome has been extensively characterised (reviewed in Bayer et al., 2008) , and the presence of dockerin/cohesin domains within a protein is a strong indication that they are cellulosomal subunits. The identified proteins included some major cellulosomal structural and catalytic components. In particular, CelS and CelJ proteins are among the most upregulated enzymes for C. thermocellum Avicel-grown cells compared with cellobiose-grown cells (Gold and Martin, 2007) . Hence, even if a limited number of the over 30 cellulosomal proteins from C. thermocellum (Gold and Martin, 2007) were detected, the information was sufficient to confirm the cellulolytic activity of strains closely related to C. thermocellum.
Seven non-redundant protein groups related to polysaccharide hydrolysis were affiliated to the Caldicellulosiruptor genus (Table 2 ). This taxon contains cellulolytic members, such as C. obsidiansis or C. bescii (formerly Anaerocellum thermophilum). These do not possess cellulosomes, their cellulolytic system being based on secreted multifunctional Metaproteomics of cellulose methanisation F Lü et al Metaproteomics of cellulose methanisationenzymes; they usually utilise a broad range of plant materials, including crystalline cellulose, cellulose, hemicelllose, starch and pectin, with a very high hydrogen yield (van de Werken et al., 2008; VanFossen et al., 2009; Yang et al., 2009; Hamilton-Brehm et al., 2010; Lochner et al., 2011) . Among the non-redundant protein groups identified for Caldicellulosiruptor, four were probably related to hemicellulose degradation (two beta-mannanases UniRef50_Q9KWY5, one acetyl xylan esterase UniRef50_F8F4V8 and one endoxylanase UniRef50_ E4Q5G9). This suggested that Caldicellulosiruptor members were also present in the incubations and partly specialised in hemicellulose degradation.
Metaproteomics of cellulose methanisation
To the best of our knowledge, results on cellulolytic species functions and interactions have not been reported in such detail for cellulose methanisation by complex microbial communities.
Identified proteins related to central carbon metabolism
The identified proteins related to central carbon metabolism (Supplementary  Tables  S6-S8 , Supplementary Figures S7-S9 ) reinforced the conclusions concerning the major contribution of Caldicellulosiruptor species (see also Supplementary Table S20) and C. thermocellum (see also Supplementary Table S19) to saccharification and fermentation during the incubation, with the former more oriented towards hemicellulolysis compared with the latter, which is more specialised for cellulolysis. In addition, these results highlighted the important contribution of C. proteolyticus as fermenting microorganism (see also Supplementary Table S18) and indicated the possible activity of other non-dominant species. Finally, they suggested that each of these groups produced a distinct combination of metabolic end products and that acetate was produced by most of the identified fermentative bacterial groups.
More specifically, after polysaccharide and oligosaccharide hydrolysis, monosaccharides are channelled to the central catabolic pathways to generate pyruvate. None of the enzymes from the Entner-Doudoroff pathway were detected. In contrast, proteins from the Embden-Meyerhof pathway (glycolysis) corresponding to 24 distinct UniRef50 clusters were identified (Supplementary  Table S6 , Supplementary Figure S7) . Mainly attributed to strains from the C. thermocellum, C. proteolyticus and Caldicellulosiruptor genera, they confirmed the importance of these Grampositive members of the class Clostridia in the studied community. Remarkably, considering together the identified proteins affiliated to the Caldicellulosiruptor genus, only the phosphofructokinase was not detected; all other nine enzymes from the Embden-Meyerhof pathway were retrieved for this genus. Proteins from the non-oxidative arm of the pentose phosphate pathway were present as well (Supplementary Table S6 , Supplementary Figure S7 , 10 distinct UniRef50 clusters) and overall attributed to the same three Clostridia taxa. In particular, enzymes processing the xylose-a major building block from hemicellulose-to the pentose phosphate pathway non-oxidative branch were identified and attributed to Caldicellulosiruptor species (Supplementary Table S6 , Supplementary Figure S7 , for example, xylose isomerase, step 28, and xylulokinase, step 29). This was consistent with the above-mentioned role of Caldicellulosiruptor species in hemicellulolyse.
Proteins associated with pyruvate metabolism and corresponding to 23 distinct UniRef50 clusters were also identified (Supplementary Table S7 , Supplementary Figure S8) , pyruvate being the glycolytic pathway end product. They were, however, distributed among various taxa, mainly C. thermocellum, C. proteolyticus and Caldicellulosiruptor species (as above), as well as Pelotomaculum thermopropionicum (Clostridia class). The latter is a known anaerobic thermophilic, syntrophic, propionate-oxidising bacterium (Imachi et al., 2002) .
Acetyl-CoA and other tricarboxylic acid cycle intermediates are further catalysed into different fermentation products. The identified proteins (Supplementary Table S8 , Supplementary Figure  S9 ) corresponded to 21 distinct UniRef50 clusters and were mainly affiliated to Caldicellulosiruptor species and C. proteolyticus, followed by C. thermocellum and Thermosinus carboxydivorans. The latter is an anaerobic thermophilic hydrogenproducing bacterium (Sokolova et al., 2004) . According to the identified enzymes, a variety of fermentation products could have been generated. C. thermocellum strains could have been mainly generating lactate, ethanol and acetate as metabolic end products (Supplementary Table S8 , (11), (13), (17)). Caldicellulosiruptor species could have been producing mainly lactate, propanoate and acetate (Supplementary Table S8 , (11), (13), (15), (16) Table S8 , (1), (7), (11), (12)).
However, it is difficult to draw definite conclusions concerning the nature and number of the fermentation products because of incomplete information.
Syntrophic acetate oxidation and hydrogenotropic methanogenesis are the dominant pathways for methane production At the metabolic level, most methanogens (including representatives of the Methanothermobacter genus) perform hydrogenotrophic methanogenesis exclusively; only members of the order Methanosarcinales perform acetoclastic methanogenesis or both methanogenesis pathways (Thauer et al., 2008) . The data generated by pyrosequencing, metaproteomic approaches and isotopic analyses together strongly supported the production of methane through the hydrogenotrophic pathway by strains of the genus Methanothermobacter. Consistent with these results, thermophilic conditions are known to favour the hydrogenotrophic methanogenesis pathway (Schink, 1997; Hattori, 2008) , but this is not systematically the case (for example, Hanreich et al., 2012) . More precisely, among the 21 non-redundant protein groups identified as enzyme subunits required for hydrogenotrophic methanogenesis (Figure 3 , Methanogens, steps 1-10 framed by a rectangle; Supplementary Table S9), three were specific for the hydrogenotrophic pathway, catalysing the reduction of CoM-S-S-CoB by H 2 (Figure 3 , Methanogens, hdrA, hdrC and mvhD genes, step 10, red). Moreover, none of the enzymes specific for acetoclastic methanogenesis were identified (Figure 3 , Methanogens, steps 12, 13 and 15, blue). The identified proteins related to methanogenesis were mainly affiliated to Methanothermobacter members (Supplementary  Table S9 ), consistent with a hydrogenotrophic pathway and with the pyrosequencing analyses (see above). Finally, the dominance of the hydrogenotrophic pathway was also supported by the apparent isotopic fractionation a C values determined over time (Figure 4 , Supplementary Figure S3 ) (Conrad, 2005) .
As acetate first accumulated during the degradation (Supplementary Figure S2) and was then consumed during the phase of biogas isotopic enrichment, it was reasonable to assume that acetate was transformed into H 2 and CO 2 by syntrophic acetate oxidation (SAO). The presence of syntrophic hydrogen suppliers in the community was therefore questioned (reviewed in Schink, 1997) . Metaproteomic together with the pyrosequencing data brought some interesting insights, but definitive conclusions could not be drawn owing to the lack of known protein specific for the SAO pathways and to the still limited knowledge about thermophilic SAO microorganisms compared with mesophilic ones (reviewed in Hattori, 2008; Westerholm et al., 2011 ; and other publications from Schnü rer's group).
In the present case, the majority of the key bacterial enzymes involved in the Acetyl-CoA pathway were identified (Figure 3 , Acetogens, steps 12-14), suggesting the presence of acetogenic bacteria. They represented eight non-redundant protein groups with an average of four peptides per group and 12% protein coverage (Supplementary Table S9 ). They included subunits from the carbon monoxide dehydrogenase/acetyl-coA synthase/decarbonlyase complex (Supplementary  Table S9 , step 14) assigned to Moorella thermoacetica (acsC gene), Carboxydothermus hydrogenoformans and Thermodesulfatator indicus (cooSI gene). Four formyltetrahydrofolate synthetase proteins (regarded as the key and specific enzymes for the oxidative Acetyl-CoA pathway, also named Eastern branch of the Wood-Ljungdahl pathway) were retrieved and assigned to Caldicellulosiruptor lactoaceticus (two of them), Desulfatibacillum alkenivorans and C. proteolyticus, respectively. Finally, a serine hydroxymethyltransferase was assigned to C. proteolyticus (Supplementary Table S9 , step 22) .
Comparing these results to the pyrosequencing data, C. proteolyticus and Gelria bacteria can be proposed as important H 2 producers in the system and might have established efficient syntrophy with Methanothermobacter archaea (Plugge et al., 2002; Sasaki et al., 2011) . However, according to the literature (Plugge et al., 2002; Sasaki et al., 2011) and to their protein expression profile, they corresponded to typical fermenting microorganisms rather than to obligate SAO. Based on the pyrosequencing data, other good candidates for SAO could be other members of the order Thermoanaerobacterales (Figure 2b ). For instance, the family Thermoanaerobacteraceae comprises thermophilic and strictly anaerobic acetogenic species such as Thermoacetogenium phaeum (SAO, Hattori, 2008) , M. thermoacetica (homoacetogen, Pierce et al., 2008) and C. hydrogenoformans (hydrogenogenic bacterium producing the carbon monoxide dehydrogenase/acetyl-coA synthase/decarbonlyase complex with the corresponding acs operon closely related to that of M. thermoacetica; Wu et al., 2005) . The moderate proportion of pyrosequencing sequences attributed to the Thermoanaerobacterales order (B0.4% without Gelria) seems similar to proportions observed for SAO bacteria in other systems (for example, Wersterholm et al., 2011) . Strains belonging to the Clostridiales order may also have been performing SAO.
In conclusion, the microorganisms acting as SAO in syntrophy with the hydrogenotrophic methanogens could not be clearly identified, but the data indicated the presence of several strains closely related to known homoacetogens or SAO microorganisms. As presented above, the limited number of identified proteins related to SAO candidates was probably linked to the lack of closely related entries in the protein database.
Nitrogen metabolism and recycling: the abundance of proteolytic strains from the species C. proteolyticus Among the numerous identified proteins putatively involved in ammonia assimilation and amino acid biosynthesis (Supplementary Table S10 ) and in peptidase activities (Supplementary Table S11), 22 were surprisingly affiliated to C. proteolyticus (11 in each of Supplementary Tables S10 and S11), indicating that C. proteolyticus strains could have been exerting an intensive proteolytic activity during the methanisation (Cai et al., 2011) .
The extracellular protease activity from C. proteolyticus strains was first supported by the identification of a putative extracellular cell wall-attached protease (B5Y6Q5, MEROPS S8A). Based on MEROPS information (Rawlings et al., 2012) , this protease could have a role in nutrition and it could have been abundantly produced because 13 peptides were detected by MS/MS analyses, the highest level among identified peptidases (Supplementary  Table S10 ). In addition, a putative peptidase T from C. proteolyticus was possibly involved in general protein turnover (B5Y9V8, MEROPS M20). Very interestingly, three of the putative peptidases identified from C. proteolyticus were potentially involved in microcin synthesis (bacterial toxin composed of few peptides) (Duquesne et al., 2007 ; Figure 4 Temporal evolution of the apparent fractionation factor a C calculated from the 13 C isotopic signal of methane (dCH 4 ) and CO 2 (dCO 2 ) in the biogas. For substrates of natural isotopic composition, such as office paper in the present case, a C values 41.065 are associated with hydrogenotrophic methanogenesis (Conrad, 2005) . Measures were performed on the five replicates and on two controls. The mean values and s.d. are shown. Cai et al., 2011) . Indeed, they belonged to the three distinct UniRef50 clusters UniRef50_B5Y6N5 Tltd/ PmbA, UniRef50_B5Y6N6 LmbIH and UniRef50_ B5Y9Y2 TldD, and to the MEROPS family U62. This suggested that C. proteolyticus could have been actively predating other microorganisms in addition to simply scavenging extracellular proteinaceous material.
This proteolytic activity was further supported by other retrieved protein functions. In particular, seven ABC transporter clusters were attributed to C. proteolyticus including three related to peptide transport (B5Y898, B56YV2-B5Y6V3 and B5Y897), suggesting an important peptide import/export activity (Supplementary Table S12 ). Several proteins from C. proteolyticus related to oxidative stress response or to virulence factor were also identified, but their role remains unclear.
Finally, the important activity of C. proteolyticus members in the present anaerobic system was generally supported by the present body of data. One-hundred and four non-redundant protein groups were affiliated to C. proteolyticus (Figure 1c , Supplementary Table S18), among which 53 belonged to UniRef50 clusters specific to the species. About 30% of the 16S rRNA gene pyrotags were attributed to the species (Figure 2b) , and a significant fraction of the bacterial community was hybridised with a probe targeting Corprothermobacter species (Supplementary Figure S11) .
The proteolytic activity of Coprothermobacter members is clearly supported by the literature, and such strains were detected a number of times during anaerobic digestion of protein-rich waste (for example, Ollivier et al., 1985; Kersters et al., 1994; Etchebehere et al., 1998; Sasaki et al., 2007 Sasaki et al., , 2011 . It was furthermore reported that their ability to ferment carbohydrates was far inferior compared with that to ferment proteins (Ollivier et al., 1985; Kersters et al., 1994; Etchebehere et al., 1998) . Their abundance in a system fed with paper as the sole exogenous substrate is surprising and suggests that extracellular proteinaceous material was abundant. Several distinct and non-exclusive protein sources can be suggested: the protein constituents of the EPS (up to 40% based on Liu and Fang, 2002) ; the abundant extracellular enzymes, in particular cellulosomes/cellulases or other proteins secreted by C. thermocellum (Ellis et al., 2012) and other cellulolytic strains; dead cell material present in the initial inoculum; and finally dead cell material generated during the incubation by the counter-selection of poorly competitive strains, by various stresses or by predation. Possible predators could be C. proteolyticus members, as discussed above, as well as viruses, whose presence is compatible with the four identified CRISPR-associated protein groups (Supplementary Table S15 ) (Bhaya et al., 2011) .
Concluding remarks
Combining metaproteomic analyses and isotopic, chemical and molecular approaches, the present study provides one of the most comprehensive views of expressed biological functions during cellulosic waste methanisation, complementing the information gained from previous metagenomic or metatranscriptomic studies (for example, Krause et al., 2008; Schluter et al., 2008; Jaenicke et al., 2011; Rademacher et al., 2012; Zarkzewski et al., 2012) . Using the complete UniprotKB database, over 500 protein functions were identified. The novel information gained on the microbial catalysts highlights the importance of ecological interactions between microbial groups, especially cooperation, for efficient methanisation. Based on the results, a model for the studied ecosystem is suggested ( Figure 5 ). Its main features are as follows: the complementarity of distinct cellulolytic microbial groups to hydrolyse the recalcitrant substrate; the absence of acetoclastic methanogenesis despite the abundance of acetate as fermentation product; the dominance of hydrogenotrophic methanogenesis in association with syntrophic microorganisms; and finally the abundance of proteolytic fermentative Coprothermobacter strains. For a given microbial group, the identification level strongly relied on the availability of genome sequences from closely related strains. Consequently, the picture is still incomplete, and additional information could probably be gained concerning the function of Gelria and Tta-b61 with a more specific database that could typically be obtained by complementary metagenomic approaches.
To our knowledge, the abundant proteolytic activity has never been reported for similar polysaccharide-fed bioprocesses. Further investigation of proteolytic activity in large-scale methanisation plants treating lignocellulosic waste could help to better understand the carbon and nitrogen fluxes during such processes. The probable complementarity of distinct cellulolytic strains is also an important aspect, and whether it is a general feature in similar systems remains an open question.
Metaproteomics appears as an attractive tool for providing direct and cost-limited access to functional information (reviewed in Wilmes and Bond, 2009; Schneider and Riedel, 2010) . The exponential increase in sequence database size should reinforce the attractiveness of this approach in the future.
